Abstruct-Two theoretical models for radar cross section (RCS) measurements of electrically large targets consisting of multiple independent point scatterers are developed to determine the accuracy with which sample averages approximate true average RCS. Two specific sources of measurement error are addressed. The far-field criterion is shown to depend on antenna beamwidth rather than phase planarity of the illuminating field at the target, resulting in a greatly reduced requirement for separation between radar and target. The effect of clutter on the measured signal is found by determination of the joint probability density between the target and the measurement values, and the variance of the error produced by the clutter is shown to be systematically reduced by averaging a number of measured samples.
I. INTRODUCTION
HE ACCURACY criteria for the measurement of radar T cross section (RCS) have long been established for targets dominated by specular scattering. These criteria are based on a requirement of accuracy of the measurement value at a particular aspect angle or a set of aspect angles. However, absolute accuracy at every point is not necessarily required for the complex target. RCS measurements of complex targets that are many wavelengths in lateral extent show a measured cross section with respect to aspect angle that has closely spaced peaks and nulls. For such a target the details of the measurement envelope are unimportant, and the envelope is most usefully characterized probabilistically . The following discussion will concentrate on the target characterized by several independent point scatterers and will develop new accuracy criteria for RCS measurements of the target.
RCS measurements of the independent point scattering target can be accomplished by estimating the parameters of the probability distribution describing the cross section. This is typically accomplished by making a number of measurements over a small angular sector and finding the mean of these values. The criteria for accuracy of these measurements are not nearly as strict as those for accuracy at a single aspect angle. This averaging process vastly reduces the minimum range criterion for accurate measurements. The accuracy criterion for measurements in the presence of clutter is also somewhat relaxed, taking advantage of the averaging process to make a better estimate of the mean of the measurements. 
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In this study we assume that the process describing the radar cross section is ergodic so that the distribution averages equal the sample averages. This assumption is not studied here.
II. RANGE REQUIREMENTS FOR ACCURATE RCS MEASUREMENTS
According to Kouyoumjian and Peters [l] , the range requirement for accurate RCS measurements is dictated by the precision with which the field incident on the target approximates a uniform plane wave both in amplitude and phase. Transverse and radial amplitude and transverse phase distributions of the incident field across the target must be uniform to some specified tolerance. The traditional range criterion R 1 2L2/X, where L is the length of the target, R is the separation between the antenna and target, and X is the wavelength, results from requiring the transverse phase taper from a point source to be less than 22.5" across the target. Consider a common case where the antenna is much smaller than the target, and the target is long in only one dimension (e.g., an airplane or missile with a cylindrical fuselage). Assume the incident field emanates from a point source with a uniform transverse amplitude across the target. The target is a cylinder of length L viewed from broadside. At this viewing angle the reduction in measured RCS due to a phase taper across the target can be shown to be
where C ( x ) and S(x) are the standard Fresnel sine and cosine integrals. For the case of a circular flat plate of diameter L, the loss in measured RCS is
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The results of these formulas are shown in Fig. 1 , which illustrates for the specular type scatterer that a phase taper across the target results in a considerable deviation of the measured RCS from the far-field RCS or true RCS. Let us now turn to the problem of a scatterer whose maximum dimension is much longer than a wavelength and consists of many small point scatterers. The RCS measurement in this case results in raw data characterized by highly irregular maxima and minima with very narrow lobewidths. Such data are usually averaged, eliminating the need to preserve .the precise phase relationship between the independent scatterers. Thus the only requirement for an accurate measurement is the preservation of a uniform amplitude taper 
, who examined certain configurations of point scatterers on a long body, concluded that the amplitude taper across the target was the most important factor in determining the RCS measurement error. He found that a narrow beamwidth, causing a large amplitude taper across the target, caused a larger measurement error than having too small a range. Hendrick's studies resulted in a new minimum criterion for the long target consisting of point scatterers. This range criterion is shown in Table I . The next step is to look at the target modeled as a random distribution of point scatterers. The positions of the scatterers along the transverse dimension of the target are described by a probability density function p(0, 4) with the radar located at the origin of a standard spherical coordinate system. Assume the one-way illuminating field pattern is designated by F(0, 4). where 0 is the free-space wavenumber, and 6 k and Ek represent the amplitude and phase of the scatterer. The scatterer is located at an angle for which the antenna pattern is F(Bk, &). The constant C absorbs the absolute gain of the antenna and the power of the radar transmitter. An assembly of N scatterers produces a total received voltage Since the calibration target will usually experience only the peak gain of the antenna beam, the value of the antenna pattern at that point is assumed to be unity. We will assume in most practical cases the amplitude variation over the target caused by R is negligible so that the ratio of the various ranges is also unity. The phase of (6) is assumed to be random and independent of the positions of the individual scatterers. The RCS is best characterized probabilistically, and the mean of U, is given by .
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If the phases of the received voltages due to each possible pair of scatterers are independent and uniform, random on (0, 27r), then Equation (7) then simplifies to If we assume the point scatterers all have the same cross section u1 and are all described by the same angular distribu-
To determine the measured cross section of the target, we compare the received voltage to that voltage received when a If the antenna amplitude distribution is uniform across the target (i.e., a uniform plane wave, the "true" far-field case), length). By assuming the target lies parallel to the y axis at x = 0, and z = R, we can use the variable transformation y = Re, and (11) can be rewritten as
The density p ( y ) describes the density of point scatterers on the target length. The simplest density function to use is the uniform density on the interval (-L/2, L/2). The simplest model for the antenna pattern, F( y), is the Gaussian shape in the main beam, with a half-power beamwidth of 03. The
Gaussian antenna pattern is expressed as
With these assumptions (12) reduces to where the error function is given by error criterion requires Equation (14), which is plotted in Fig. 2 , shows the error in the measured RCS as the range is varied for the uniformly distributed point scattering target. Fig. 2 can be used to determine the minimum acceptable measurement range for a particular target and 3-dE3 beamwidth. Equation (14) describes the measurement degradation for a target characterized by a uniform spatial distribution of the point scatterers. For targets whose spatial distribution is not uniform, one may either apply (11) or (12) directly, or estimate a uniformly distributed equivalent length target and use Fig. 2 . The equivalent length target is based on an approximation to the integral in (12). Let L ' be the equivalent
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which results in R > 1.3 km (see Fig. 2 ). The practical implications of this are obvious.
III. ACCURACY LIMITATIONS FOR TARGETS MEASURED IN
CONSTANT CLUTTER
The traditional approach to determining the accuracy of RCS measurements taken in the presence of clutter is deterministic. The target and the clutter are treated as fixed target is no longer deterministic but is best described probabilistically. The clutter is deterministic and limits the accuracy more than electrical noise (which we will neglect). This is common for measurements made in a pulsed radar system for which all clutter is time-gated out except clutter at the same range as the target. The target support is necessarily included. This clutter cannot normally be cancelled by a nulling system as it could if a CW system were used. It is assumed constant as one might obtain from a metallic knife-blade pylon. This clutter then provides, in effect, a constant signal, in both magnitude and phase. The target being measured, on the other hand, will provide a signal whose amplitude distribution is asymptotically Rayleigh. If dT is the mean RCS of the target, then the probability density function for the target signal amplitude WT is Assuming phase independence, the expected value of a, is given by and the probability density function for the RCS, UT, is exponential:
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The possible values that any measurement of a,,, can reach are bounded by
( G T -G c ) 2~ gm I ( G T + G c ) 2 . ( 2 4 )
The mean square variation of the measured signal is obtained by assuming that { = ({T -{ , ) is uniformly distributed over (-?r, ?r):
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The rms error bounds are, therefore, += around the mean, and represent only a modest improvement in accuracy. These results are shown graphically in Fig. 4 .
To approach this problem more pragmatically, we are motivated by the assumptions stated in the introduction. The . This study is not concerned with the number of scatterers required to produce a Rayleigh distributed signal. We assume a Rayleigh distributed signal and study the question of determining its mean via sampling.
There is some confusion in the terminology in the literature on RCS statistics. Equation (26), which gives the distribution of the target signal amplitude, is called Rayleigh. The probability distribution of the square of such a variable, the cross section, given in (27), is called exponential [6]. In the past, this has been called the Rayleigh power distribution and UT sometimes misinterpreted to mean that the distribution for uT is Rayleigh [7] . The approach to be followed here consists of assuming that the target signal amplitude is characterized by a Rayleigh distribution and that it has a relative phase with respect to the clutter (which is constant in amplitude) which is uniformly distributed. The joint probability density function between U T and U, is obtained. The joint pdf for the sample average for a number of samples S, is obtained, and then the statistics of the ratio S,/ST are examined to determine the relationship of the sample average measured RCS to the sample average RCS that would have been obtained in a clutter-free environment.
The joint pdf between U, and uT is obtained from the basic definition
fmdurn, U T ) =fm(urn I U T )~T ( U T ) .
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The target pdf is exponential as given by (27). The conditional pdf for U, given UT is based on ( in the region where (24) is satisfied, and zero elsewhere.
obtained:
The joint pdf in the region where it is nonzero is readily
The pdf is nonzero in a striplike region defined by the region where (24) says permissible values of U, and uT lie. This region is graphically illustrated in Fig. 5 .
As a check of this distribution, the uT dependence can be integrated out to obtain the pdf for the measured cross section.
Performing this integration [SI,
where l o @ ) is the modified Bessel function of order zero.
This pdf can be compared to the power distribution which would be obtained for a constant signal in Rayleigh noise. The pdf for the signal in this case is known as the Nakagami-Rice distribution [9]. The power distribution resulting from this signal distribution is given by (31), the same as was obtained by the integration of the joint pdf.
To determine the clutter effect on the measurement analytically, we will assume that N samples are taken from this distribution. The sum of the measured cross sections will be designated Eu,. The sum of the target cross sections is EaT. the estimate of uT based on the average of the measured samples and the estimate of UT that would have been based on the same samples taken in a clutter-free environment. Although it might seem more useful to investigate the ratio S , / uT, the purpose of this study is to investigate the effect of the clutter on the results of the measurement pr-cess, i.e., ST rather then the accuracy with which the measurement process determines the statistics of the system.
The pdf for z can be obtained theoretically by standard techniques, but this requires performing N convolutions of the joint pdf between ST and S, or else finding the appropriate characteristic functions and obtaining the joint pdf for S T and S, in that way. However, if N is large enough, it is possible to invoke the central limit theorem so that this pdf will be asymptotically Gaussian. A joint Gaussian distribution is specified by five parameters: two means, two variances, and the correlation coefficient. For this case we assume that the means and variances for the joint distribution of the sample averages are given by 
The result shows the obvious characteristic that for large signal-to-clutter ratios the measurement is highly correlated with the target, while for small signal-to-clutter ratios the Although these results do not show dramatic improvements in accuracy, they reflect a more accurate assessment of the effects of clutter, especially when the target is within the range of being less than 15 dB above the clutter.
IV . CONCLUSION
The traditional assumptions for RCS measurement criteria for both far-field and signal-to-clutter ratios have been replaced by assumptions more closely aligned with typical measurement situations, for electrically large targets consisting of multiple independent scatterers. The far-field criterion has been established based on amplitude and is illustrated in Fig. 2 . If a 1-dB accuracy criterion is established for a long target with a uniform distribution of point scatterers, the criterion is given by (19). For measurement of targets in constant clutter the effects of averaging multiple samples have been assessed, as shown in Fig. 7 . Thus the criterion (bounds) can be seen to be improved by averaging of multiple samples.
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